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Abstract
Question: Predicting the future abundance and distribution of
invasive plants requires knowing how they respond to envi-
ronmental conditions. In arid and semi-arid ecosystems where
water is a limiting resource, environmental conditions and
disturbance patterns influence invasions by altering acquisi-
tion and utilization of water over space and time. We ask: 1.
How do variations in climatic and soil properties influence
temporal soil water dynamics? 2. How does this variation
affect the establishment of Bromus tectorum (cheatgrass), a
cool-season annual grass that has successfully colonized much
of the U.S. Great Basin?
Location: Short-grass Steppe in northeastern Colorado, USA;
Arid Lands Ecology reserve in southeastern Washington, USA;
and the Patagonian steppe of the Chubut province in Argentina.
Methods: We utilized a soil water model to simulate seasonal
soil water dynamics in multiple combinations of climatic and
soil properties. In addition, we utilized a gap dynamics model
to simulate the impact of disturbance regime and seed avail-
ability on competition between B. tectorum and native plants.
Results: Our results suggest that climate is very important, but
that soil properties do not significantly influence the probabil-
ity of observing conditions suitable for B. tectorum establish-
ment. Results of the plant competition model indicate that
frequent disturbance causes more Bromus tectorum in invaded
areas and higher seed availability causes faster invasion.
Conclusions: These results imply a general framework for
understanding Bromus tectorum invasion in which climatic
conditions dictate which areas are susceptible to invasion,
disturbance regime dictates the severity of invasion and seed
availability dictates the speed of invasion.

Keywords: Biological invasion; Bromus tectorum, Cheatgrass;
Climate; Disturbance; Seed availability; Simulation model-
ling; Soil water dynamics.

Abbreviation: CPER = Central Plains Experimental Range.
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Introduction

Biological invasions can influence the structure and
function of terrestrial ecosystems. Exotic plants inva-
sions can change plant community composition and
biodiversity, modify carbon, nutrient and water cycles,
alter fire regimes and potentially decrease agricultural
yield (Mack et al 2000; Mooney & Cleland 2001). As a
result, biological invasions are a major component of
global environmental change (Vitousek et al. 1996).

One invasive plant that has had a dramatic impact in
North America is Bromus tectorum (cheatgrass), a cool-
season annual grass, originally from Eurasia (Novak &
Mack 2001), that has achieved remarkable success in
the western United States (Morrow & Stahlman 1984;
Knapp 1996). First introduced to North America in the
late 19th Century, and with invasion partly facilitated by
heavy grazing (Pickford 1932) and plowing (Knapp
1996), B. tectorum rapidly spread across the continent
(Mack 1981) and continues to colonize new areas (Hunter
1991). B. tectorum is dominant on over 20% of the
sagebrush steppe in the Great Basin region of the U.S.
(Knapp 1996). In heavily invaded areas, B. tectorum has
modified plant community composition (Anderson &
Inouye 2000), decreased forage quality for livestock
and wildlife (Thill et al. 1984; Young et al. 1987;
Ganskopp & Bohnert 2001), changed soil seed banks
(Humphrey & Schupp 2001), increased fire frequency
(Meloza & Nowak 1991; D’Antonio & Vitousek 1992)
and altered energy, water and nutrient cycling (Hinds
1975; Evans et al. 2001; Svejcar & Sheley 2001).

A common explanation for B. tectorum success in
Great Basin ecosystems focuses on the synchrony be-
tween B. tectorum phenology and water availability. As
a cool-season annual, B. tectorum represents a func-
tional group not commonly found in the Great Basin; B.
tectorum germinates in autumn, grows through the win-
ter as temperature and water availability permit and
produces seeds in late spring (Mack & Pyke 1983, 1984;
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Thill et al. 1984). Most locations where B. tectorum has
invaded are arid to semi-arid and receive precipitation
primarily during the winter and spring months (Knapp
1996). Other semi-arid regions in North America, nota-
bly the Great Plains, receive precipitation primarily
during the summer (Lauenroth & Burke 1995), and have
not experienced substantial B. tectorum invasion, de-
spite B. tectorum presence in heavily disturbed areas of
the Great Plains. This suggests that B. tectorum
outcompetes native plants only in areas with consistent
water availability during autumn, winter, and early
spring. In arid and semi-arid regions, water is the pri-
mary limiting resource, and the acquisition and utiliza-
tion of water is central to plant competition (Noy-Meir
1973). Early phenology allows B. tectorum to utilize
available water during the winter (Mack & Pyke 1984),
completing its life cycle before dry summer conditions
(Mack & Pyke 1983), decreasing the soil water avail-
able to other plants and negatively impacting native
vegetation (Harris 1967; Booth et al. 2003).

Other explanations for B. tectorum success in North
America include the possibility the species displays
unusual phenotypical plasticity in response to environ-
mental conditions (Mack & Pyke 1983; Anderson 1996),
that B. tectorum has greater water and/or nitrogen use
efficiency (Rice et al. 1992; Link et al. 1995; Lowe et al.
2002), that it is more suited than native plants to fre-
quent disturbance (D’Antonio & Vitousek 1992), or that
founder populations of B. tectorum in North America
display unusually high fitness (Kinter & Mack 2004).
There is substantial evidence that both wildfires and
plowing for cultivation stimulate B. tectorum (Melgoza
& Nowak 1991; Knapp 1996). B. tectorum invasion
typically results in more frequent fires, creating a posi-
tive feedback to invasion by killing the shrubs that
compose much of the native vegetation (D’Antonio &
Vitousek 1992). As an annual grass that produces seeds
by the onset of summer, B. tectorum provides fuel for
wildfires and is not negatively impacted by burning. By
contrast, native shrubs and perennial bunchgrasses are
killed by the fires and take several years to recover
(Melgoza & Nowak 1991; Knapp 1996; D’Antonio &
Vitousek 1992).

One unanswered question about B. tectorum relates
to potential invasion in South America. Compared to
heavily invaded parts of the North American Great
Basin, certain areas in Argentine Patagonia have very
similar mean climatic conditions (although the tempera-
ture variability is much greater in the Great Basin; Adler
et al. 2006). Despite these climatic similarities and the
presence of B. tectorum in these Patagonian ecosystems,
the species has not substantially invaded these areas,
and it represents only a very minor component of the
vegetation (Soriano et al. 1983). By understanding the

variables that affect competition between native plants
and B. tectorum, land managers can identify areas that
are susceptible to B. tectorum invasion and determine
what land-use practices would help minimize the inva-
sion in susceptible areas. If B. tectorum invasion is
determined primarily by climate and the resultant tem-
poral patterns of water availability, then potential inva-
sion in Patagonian ecosystems should be predictable
based on climate and soil conditions. If, on the other
hand, specific disturbance regimes, potentially influ-
enced by land management, are necessary for B. tectorum
invasion, then Patagonian ecosystems may remain
uninvaded.

Our overall goal is to examine how climate and soil
influence the soil water conditions needed for B. tectorum
establishment, and how disturbance and seed availabil-
ity influence competition with native plants. We utilize
a soil water model to simulate daily soil water dynamics
as a function of climate and soil variables (Parton 1978)
and an individual plant based model to simulate water
acquisition and plant competition (Coffin & Lauenroth
1990). Soil water models are commonly used to simu-
late water movement and storage (e.g. Eitzinger et al.
2004) and the effects of water dynamics on plant estab-
lishment and competition (e.g. Lauenroth et al. 1994;
Peters 2000). Similar simulation modelling efforts have
generated insight about the movement and storage of
subsurface water (e.g. Eitzinger et al. 2004), the effects
of water flow on plant establishment and competition
(e.g. Lauenroth et al. 1994; Peters 2000), interspecific
competition (Biondini 2001; Peters 2002), resource uti-
lization (Lauenroth et al. 1994), plant response to cli-
mate change (Prentice et al. 1992; Starfield & Chapin
1996) and biological invasions (Higgins et al. 1996;
Kriticos et al. 2003).

We simulated B. tectorum invasion at three sites: a
heavily invaded Great Basin site, a Patagonian site with
superficially suitable climatic conditions that neverthe-
less remains uninvaded, and a Great Plains site that,
based on precipitation timing, should not be invadable
and has very little B. tectorum.

Our objectives are to (1) examine the influence of
climate and soil type on the probability of observing soil
water conditions suitable for B. tectorum establishment,
and (2) simulate competition between B. tectorum and
native plants at all three sites and estimate the conse-
quences of varying the frequency of disturbance and B.
tectorum propagule pressure.
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Methods

Study sites

 We simulated soil water dynamics for three ecosys-
tems: the uninvaded Great Plains short-grass steppe of
NE Colorado, USA (40.48° N, 107.48° W), the heavily
invaded Great Basin sagebrush steppe of eastern Wash-
ington, USA (46.36° N, 119.36° W) and the Patagonian
steppe of the Chubut province in southern Argentina
(45.24°S, 70.18°W). To represent the short-grass steppe,
we utilized climatic and vegetation data from the Cen-
tral Plains Experimental Range (CPER). Located ca. 60
km northeast of Fort Collins, Colorado, climate at the
CPER is semi-arid (311 mm/a) with most of the precipi-
tation (Fig. 1) and plant growth (App. 1, Table A1)
occurring in summer. Monthly temperatures at the CPER
average 8.8 °C and range from –5 °C in January to 22 °C
in July (Lauenroth & Milchunas 1992). Vegetation at
the CPER includes very little B. tectorum, typically
consists of sod-forming grasses, is dominated by C4
perennial grasses (App. 3), primarily Bouteloua gracilis
and Buchloë dactyloides, and also includes annual
grasses, forbs and shrubs (Lauenroth & Milchunas 1992).
Annual net primary production averages 130 g.m–2 with
substantial interannual variability in response to annual
precipitation (Lauenroth & Sala 1992). For our short-
grass steppe simulations we modelled a sandy loam soil
common at the CPER (Smith 2003: App. 1, Table A2).

For the sagebrush-steppe ecosystem we utilized data
from the Arid Lands Ecology Reserve on the U.S.
Department of Energy’s Hanford Reservation, located
northwest of Richland, Washington. Climate at this site
is arid, with an average of 173 mm of annual precipita-
tion, 80% occurring during between October and May
(Fig. 1). Monthly temperatures in the sagebrush steppe
average 11.7 °C and range from 24.7 °C in July to –1.4
°C in January (Rickard 1988). Although much of the
sagebrush steppe is currently dominated by B. tectorum,
native vegetation at the sagebrush steppe consists chiefly
of C3 perennial tussock grasses and shrubs (App. 3),
most commonly Pseudoroegnaria spicata and Artemisia
tridentata ssp. wyomingensis. Net primary production
averages 110 g.m–2 (Rickard & Vaughan 1988). Soils at
the sagebrush steppe consist mainly of silt loams
(Wildung & Garland 1988) and we obtained profile
texture data from Adler (2003).

Our Patagonian steppe research site (PAT) was the
Río Mayo Experimental Station of the Instituto Nacional
de Tecnologia Agropecuaria, located in southwest
Chubut province. The Patagonian steppe receives 154
mm of mean annual precipitation, primarily during the
winter and monthly temperatures range from 1.7 °C to
15.6 °C with an average of 8.6 °C (Fig. 1). Patagonian

steppe vegetation is very similar to that of sagebrush
steppe (App. 3), composed of mixed perennial tussock
grasses, including Stipa speciosa, Stipa humilis and Poa
ligularis and shrubs, primarily Mulinum spinosum (León
et al. 1998). Annual net primary production at the
Patagonian steppe is approximately 90 g.m–2 (Paruelo et
al. 1998). We utilized texture information for the soil
profile at the Patagonian steppe provided by Adler (2003)
for a loamy sand soil common in the Patagonian Steppe.

Soil water model description

We used SOILWAT, a soil water model originally
designed to simulate water dynamics in the short-grass
steppe (Parton 1978). SOILWAT requires inputs of
three categories: (1) weather conditions, including daily
maximum and minimum temperature, precipitation, and
monthly relative humidity, wind speed and cloud cover;
(2) monthly values of above-ground biomass, litter and
% of above-ground vegetation that is live; and (3) soil

Fig. 1. Long-term mean annual precipitation and temperature
and monthly precipitation (black – corresponding to righthand
Y-axis) and temperature (dashed line – corresponding to
lefthand Y-axis) conditions at the three sites simulated.  Val-
ues for the southern hemisphere Patagonian steppe site are
shifted 6 months to allow seasonal comparison with the short-
grass steppe and sagebrush steppe sites.
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texture, bulk density, field capacity, wilting point and
relative proportions of evaporation and transpiration
throughout the soil profile. SOILWAT simulates water
interception by vegetation and litter, infiltration and
flow through the soil, evaporation, and transpiration
for each soil layer on a daily basis. A detailed descrip-
tion of the original model is presented in Parton (1978).
With the exception of modifying input parameters to
represent ecosystems other than the short-grass steppe,
we only modified the model to alter the calculations of
water intercepted during precipitation events by above-
ground biomass and litter (detailed in App. 2). To
create daily weather data, we used a first-order Markov
weather generator that uses actual weather observa-
tions to estimate the distribution of temperature and
precipitation values and the probability of precipita-
tion occurring as a function of date and conditions on
the previous day. We parameterized these distributions
and probabilities with 30 years of data for the short-
grass steppe site and 12 years of data for both the
sagebrush steppe and the Patagonian steppe sites.

Individual plant model description

STEPWAT is a yearly time-step individual-based
gap-dynamics model, based on STEPPE (Coffin &
Lauenroth 1990; Coffin et al. 1993). STEPWAT simu-
lates individual plants, whose characteristics (phenol-
ogy, root distribution, growth rate, life span, etc; App.
1) are dictated by the species to which the plant be-
longs. For this study, we defined seven idealized plant
species that represent seven plant functional groups:
warm-season perennial grasses (PGW), cool-season
perennial grasses (PGC), warm-season annual grasses
(AGW), cool-season annual grasses (AGC, represent-
ing Bromus tectorum), shrubs, warm-season forbs
(FORW) and cool-season forbs (FORC). We simu-
lated plant growth, competition and reproduction on a
yearly basis as a function of water availability for each
individual plant. To estimate water availability and
partitioning, STEPWA compares monthly soil-layer
specific transpiration estimates from SOILWAT with
plant phenology and root distribution (App. 1, Table
A3). These parameters combine to define a two-di-
mensional depth by month plant activity and potential
resource acquisition space that differentiates between
plant functional groups (Fig. 2). Cline et al. (1977)
studied Bromus tectorum and Pseudoroegneria spicata
communities at the sagebrush steppe, which are analo-
gous to our AGC and PGC groups, respectively, and
found root distributions similar to our distributions for
those groups. In STEPWAT, relative rooting distribu-
tion (proportion of total roots in a layer) is multiplied
by relative phenological activity (proportion of total

annual activity in a month) to determine an active root
abundance for each species in each month in each soil
layer. STEPWAT uses information about plant life
history characteristics, including maximum growth
rates, maximum size, life span, and reproductive strat-
egy (App. 1, Table A4) to simulate interactions among
individual plants at each site, which is then translated
into growth, reproduction and/or mortality as a conse-
quence of the amount of water available for transpira-
tion. Further details about the individual plant model
components of STEPWAT are available in Coffin &
Lauenroth (1990) and Coffin et al. (1993).

Influence of climate and soils on establishment of
Bromus tectorum

Our first objective was to quantify the importance of
climatic and soil properties on the probability of observ-
ing conditions suitable for establishment of Bromus
tectorum. We simulated soil water dynamics and quan-
tified the probability of soil water potential and weather

Fig. 2. Relative root activity for each plant functional group as
defined by annual phenology and root distribution within the
soil profile.  Functional group abbreviations used in text are:
PGC = Perennial Cool, PGW = Perennial Warm, AGC =
Annual Cool, AGW = Annual Warm, SHRUB = Shrub, FORC
= Forb Cool, FORW = Forb Warm.
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conditions being suitable for establishment. We ran 12
simulations at each site for 1000 years and used these
replicates as an indicator of variability between runs and
between sites. To quantify the influence of soil and
weather on the probability of observing suitable condi-
tions, we ran SOILWAT for nine scenarios defined by
all combinations of soil properties from the three sites
and weather patterns from the three sites. We simu-
lated 1000 years for each scenario and quantified the
number of years when conditions were suitable for B.
tectorum establishment. Since B. tectorum is a winter
annual that germinates during autumn or spring, we
quantified the probability of suitable conditions sepa-
rately for these two seasons, (March-May is spring in
the northern hemisphere and autumn in the southern
hemisphere and September-November is spring in the
southern hemisphere) Initial estimates of the param-
eters for the soil water availability and weather condi-
tions required for B. tectorum establishment (Table 1)
were obtained from detailed studies of B. tectorum life
history traits conducted by Hulbert (1955) and Harris
(1967) and supported by the work of Mack & Pyke
(1983 and 1984). Since B. tectorum is a cool-season
annual grass, we assumed that its germination was
possible during the first and last 90 days of the year. To
examine the consequences of soil properties and
weather on soil water dynamics, we averaged 100
years of daily soil water potential estimates to create a
long-term seasonal soil water potential by layer. We
quantified the importance of climatic and soil condi-
tions on establishment probability by running a com-
plete factorial analysis of variance in the ANOVA
procedure in SAS (Anon. 2001). Since these results do
not contain a random component, the F-values are

meaningless, so we present only the mean squares
results, which quantifies how driving variables influ-
ence establishment rates.

To quantify the sensitivity of our soil water model
results to parameters that specify conditions suitable
for B. tectorum establishment, we examined how our
establishment results varied as we changed the values
of each of the 12 parameters shown in Table 1. We ran
model simulations to quantify both spring and autumn
establishment probabilities for all three sites for three
levels of each parameter that span the range of reason-
able values. We calculated a sensitivity index: the mean
difference in establishment between simulations with
higher and lower parameter values across both seasons
and all three sites. This provided a measure of how
much changing a single parameter alters establishment.

Influence of plant competition on Bromus tectorum in-
vasion

Our second objective was to simulate the conse-
quences of plant competition on B. tectorum invasion.
We used STEPWAT to simulate 50 replicates at each
site. For first 100 years, each simulation included only
functional groups found in the native vegetation. We
then introduced the species by allowing establishment
of an individual plant on each plot at a probability of 0.1
per year. Simulations were run for 400 years after B.
tectorum invasion and disturbance was not included in
these initial simulations.

Disturbance was incorporated by killing all the
plants with a specified frequency. This approach high-
lighted the consequences of variable disturbance fre-
quencies, but does not provide insight into the impact

Table 1. Names and descriptions of soil water, timing and temperature parameters for dictating conditions suitable for Bromus
tectorum establishment as well as the estimated importance of each parameter for dictating conditions suitable for cheatgrass
establishment. ‘Layers’ indicates the number of soil layers and thus the depth of soil (see App. 1) in which moisture status influences
establishment. Soil water potential parameters are the minimum soil water potential (-bars) suitable for germination and establish-
ment. Remaining parameters are maximum or minimum values for temperature of timing of water availability. These indicate a
threshold that defines the limit for conditions in which B. tectorum can germinate or establish, based on the reference listed.
Deviation is the variation from normal conditions (indicated in ‘value’ column) in the number of years out of 1000 with conditions
suitable for cheatgrass establishment as a result of varying each parameter throughout the indicated range.

Parameter Description Value Reference Range Deviation

Layers Soil layers affecting establishment (first 3 layer depths: 15, 30 and 45 cm) 2 Harris (1967); Hulbert (1955) 2-4 layers 105.5
Estabs w p Soil water potential required for establishment (days) 15 Harris (1967) –3 - –7 bars 93.9
minbtw Minimum days between germination and establishment (days) 15 Hulbert (1955) 10-20 days 89.8
mintempestab Minimum temperature for establishment (°C) 0 Harris (1967) –1 - 1 °C 73.2
maxdry Maximum consecutive dry days after germination but before establisment (days) 40 Harris (1967) 30-50 days 33.9
minwetestab Minimum consecutive dry days after germination but before establisment (days) 5 Harris (1967) –3 - –7 bars 33.4
maxtempestab Maximum temperature for establishment (°C) 20 Harris (1967); Hulbert (1955) 5-25 °C 30.6
mintempgerm Minimum temperature for germination (°C) 5 Harris (1967) 3-7 °C 27.5
maxtempgerm Maximum temperature for germination (°C) 20 Harris (1967) 10-20 °C 19.3
minwetgerm Minimum consecutive wet days for germination (days) 2 Harris (1967); Hulbert (1955) 1-3 days 16.8
germswp Soil water potential in top 3 cm required for germination (-bars) 12.5 Harris (1967) 10- –15 bars 15.9
maxbtw Maximum days between germination and establishment (days) 75 Harris (1967); Hulbert (1955) 60-90 days 13.6
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of disturbances of varying intensity or type. We exam-
ined the consequences of disturbing the plots every 5,
10, 25, 50 and 100 years. To examine the impact of
seed availability, we modified the probability of B.
tectorum germination that was not accounted for by
seeds from the seed bank (i.e. germination from seeds
dispersed from outside the plot). This probability was
examined at five levels: 0.01, 0.05, 0.1, 0.25, 0.5 (a
value of 0.5 indicates a 50% probability of a seed being
available for germination if conditions are suitable.) We
simulated scenarios at each site for all combinations of
the five disturbance levels and the five seed availability
levels. To quantify the impact of B. tectorum on com-
munity structure, we compared plant functional group
composition from the 100 years prior to invasion with
functional group composition for the final 100 years. As
a measure of eventual invasive success, we calculated
the mean B. tectorum biomass for the final 100 years. As
an indicator of invasion speed, we determined the first
year that B. tectorum biomass exceeded 40 g.m–2. To
determine the contributions of disturbance and seed
availability to both B. tectorum biomass and the year
biomass reached 40 g.m–2, we ran a factorial analysis of
variance and present only mean squares results.

Results

Soil water and Bromus tectorum establishment

We found that conditions suitable for B. tectorum
establishment were most rare at the short-grass steppe
site (uninvaded), where an average of 7.5 years out of
1000 in spring and 110 years out of 1000 in autumn
contained suitable conditions. By contrast, our results
suggested that conditions at the sagebrush steppe (in-
vaded) were suitable for B. tectorum establishment in
720 out of 1000 years in spring and 254 years out of
1000 in autumn. Conditions at the Patagonian steppe
site were suitable for 564 years in spring and 510 years
out of 1000 in autumn. All differences between sites and
seasons were statistically significant at p < 0.01.

Our soil water results show increased soil water
potential (greater soil water content and water availabil-
ity) during autumn, winter and spring months at the
sagebrush and Patagonian steppe sites (Fig. 3). This
strong increase occurred at the sagebrush and Patagonian
steppes regardless of soil type, although soil properties
influenced the magnitude of the drop in soil water
potential – for instance, at the Patagonian steppe site,
simulations using the sagebrush steppe soils and
simulations using either short-grass steppe or Patagonian
steppe soils produced slightly different seasonal soil
water dynamics. The negative effect of sagebrush steppe

Fig. 3. Daily precipitation (vertical bars corresponding to left axis), soil water potential for four soil layers (horizontal lines
corresponding to right axis) and number of years out of 1000 with conditions suitable for Bromus tectorum establishment in spring
and autumn (values in upper left and right of each panel) at the three study sites.
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soils on the winter increase in soil moisture is more
pronounced under Patagonian steppe climate than under
the sagebrush steppe climate.

We translated these seasonal soil water potential
patterns into estimates of suitable B. tectorum establish-
ment conditions and observed that establishment varied
more with climate than soil. Our ANOVA results sug-
gest that climatic conditions account for almost all of the
variability in spring, autumn, and total establishment,
whereas soil conditions account for only a small propor-
tion of the variation (App. 4, Table A4.1). Regardless of
soil type, we observed higher establishment in both
sagebrush steppe (invaded) and Patagonian steppe cli-
mates compared to short-grass steppe (uninvaded) cli-
mate. Spring establishment in the short-grass steppe
climate was negligible for all soil types, with five or less
years out of 1000 producing suitable conditions whereas
autumn yielded roughly 100 years suitable for establish-
ment. Sagebrush steppe simulations displayed suitable
conditions in greater than 700 and 200 years during the
spring and autumn, respectively and establishment in
the Patagonian steppe was more dependent on soil, with

the highest total establishment occurring with sagebrush
steppe soils but the highest spring establishment and
lowest autumn establishment occurring under the short-
grass steppe soil. Patagonian steppe climate and
Patagonian steppe soil produced intermediate, but fairly
high values of 391 and 499 years out of 1000 for spring
and autumn, respectively.

Controls over Bromus tectorum establishment

Of the 12 parameters, we identified four that have a
substantial influence on the estimated establishment
(Table 1). In order of estimated importance, the param-
eters are: the number of soil layers (analogous to the soil
depth) considered important, the maximum (negative)
soil water potential necessary for establishment, the
minimum number of days between germination and
establishment, and the minimum temperature necessary
for establishment. The importance of any of the other 8
parameters was less than half the importance of minimum
establishment temperature.

Impact of Bromus tectorum on plant functional group
composition

In the absence of cool-season annuals, the model
simulated a short-grass steppe plant community domi-
nated by warm-season perennial grasses, with a sizable
component of cool-season perennials and small amounts
of shrubs, warm-season annuals and forbs (Fig. 4 A). At
both the sagebrush and Patagonian steppes, plant com-
munities simulated without cool-season annuals con-
sisted primarily of cool-season perennial grasses and
shrubs with a modest warm-season annual component, a
very small amount of warm-season perennials and es-
sentially no forbs (Fig. 4 B, C). Including cool-season
annual grasses caused little change in the short-grass
steppe community, but did influence the sagebrush and
Patagonian steppes. At the short-grass steppe, warm-
season perennial grasses dominated at all disturbance
levels except the two- year interval, where all the groups
displayed very low biomass. Overall biomass decreased
at the sagebrush and Patagonian steppes as disturbance
frequency increased, although the decline was less pro-
nounced. Plant community composition at the sagebrush
and Patagonian steppes was more responsive to distur-
bance frequency; shrubs and perennial cool-season
grasses became less prevalent while annual grasses,
especially cool-season annuals, became more prevalent
as disturbance frequency increased.

Fig. 4. Biomass of plant functional groups for scenarios with-
out Bromus tectorum (left bar of each panel), and with
cheatgrass under different disturbance frequencies (right five
bars of each panel) for simulations at the Short-grass steppe
(A), the Sagebrush steppe (B) and the Patagonian steppe (C).
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Effect of disturbance and seed availability on the
invasion of Bromus tectorum

Our simulations indicated essentially no B. tectorum
invasion in the short-grass steppe regardless of distur-
bance frequency or B. tectorum seeds availability (Ta-
ble 2). None of the short-grass steppe scenarios pre-
dicted that B. tectorum biomass would reach 40 g.m–2 at
any point during the 500-year simulations.

By contrast, the model simulated substantial B.
tectorum invasion for all scenarios examined at both
the sagebrush (heavily invaded) and Patagonian steppe
sites. At the sagebrush steppe and Patagonian steppe,
we found the highest B. tectorum biomass for 10-year
disturbance frequency and lowest B. tectorum biomass
for 2-year disturbance frequency. Seed availability
had a comparatively small influence on simulated B.
tectorum biomass regardless of disturbance frequency.
However, seed availability did influence the number of
years required for B. tectorum biomass to reach 40
g.m–2. In general, low seed availability required more
years to reach 40 g.m–2 than high seed availability,
although the years required was more variable for
simulations with low seed availability. ANOVA re-
sults indicate that variation in biomass is most influ-
enced by disturbance, with a very small fraction attrib-
uted to seed availability (App. 4, Table A4.2). By
contrast, the time required to reach the biomass thresh-
old was influenced primarily by seed availability and
secondarily by disturbance frequency. Our results in-
dicate that the interaction between disturbance fre-
quency and seed availability has only a very minor
influence on the variability of either response variable.

Discussion

Importance of climatic conditions and soil properties

We observed large differences in the probability of
observing conditions suitable for establishment of
Bromus tectorum between both spring and autumn sea-
sons and between the three sites. Our site-level results
are consistent with expectations; the heavily invaded the
sagebrush steppe displayed high establishment prob-
abilities and the uninvaded short-grass steppe site pro-
duced low establishment probabilities. The correspond-
ence between simulated establishment and observed B.
tectorum invasion supports our overall hypothesis that
climate patterns and soil conditions can serve as general
predictors for areas potentially susceptible to invasion.

In general, we observed higher probability of suit-
able establishment conditions at the sagebrush steppe
and the Patagonian steppe than the short-grass steppe,
and the differences were much greater during spring
than autumn. This suggests that climate, most likely the
seasonal timing of precipitation, determines the prob-
ability of observing suitable conditions. The differences
in extreme temperatures between the sagebrush steppe
and the Patagonian steppe appeared not to influence
climatic suitability since both sites displayed high prob-
ability of suitable conditions. Precipitation regime has a
strong influence on life history stages after establish-
ment, including growth, reproduction and mortality
(Hulbert 1955; Mack & Pyke 1984) and in our study
precipitation timing appears to impact both the overall
probability of establishment and the balance between
spring and autumn germination. At both the sagebrush
steppe and the Patagonian steppe, wet winters create
moist spring soil conditions and produce higher spring

Table 2. Mean Bromus tectorum biomass for the final 100 years of each simulation and mean year following its introduction and its
biomass reaching 40 g.m–2 for varying levels of disturbance frequency and establishment probability.

Site Disturbance                         Probability of establishment Probability of establishment
frequency (yr) 0.01 0.05 0.1 0.25 0.5 0.01 0.05 0.1 0.25 0.5

2 A: Biomass 1.9 2.3 2.3 2.4 2.5 B: Year never never never never never
10 0.1 0.1 0.1 0.1 0.1 never never never never never

Short-grass 25 0.0 0.0 0.0 0.0 0.0 never never never never never
steppe 50 0.0 0.0 0.0 0.0 0.0 never never never never never

None 0.0 0.0 0.0 0.0 0.0 never never never never never

2 37.8 40.3 39.1 36.6 33.8 200 128 116 108 104
10 95.7 99.1 99.4 95.7 89.7 151 111 105 102 102

Sagebrush 25 61.0 63.9 64.8 62.3 60.2 151 126 125 102 102
steppe 50 48.5 48.8 48.8 49.6 48.2 151 140 105 102 101

None 38.2 38.4 38.2 37.1 37.0 274 147 145 116 105

2 36.4 41.8 40.6 37.9 35.4 216 130 118 110 104
Patagonian 10 125.4 133.3 130.5 122.5 111.9 133 107 104 102 101
steppe 25 91.5 96.3 93.2 91.5 86.7 127 123 103 102 101

50 82.0 87.0 83.4 82.2 75.9 151 113 105 102 101
None 76.2 74.3 71.9 73.2 71.0 190 109 109 105 101
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establishment probabilities and presumably more fa-
vourable growing conditions for a cool-season annual
grass.

Higher establishment probabilities in spring than
autumn for the invaded sagebrush steppe and the
Patagonian steppe, versus the opposite at the uninvaded
short-grass steppe, is likely a consequence of autumn
soil water conditions being influenced by summer pre-
cipitation patterns. High precipitation during the sum-
mer at the short-grass steppe may create wet autumn soil
conditions, as illustrated by the widespread cultivation
of winter wheat (Anon. 1988). Likewise, dry summers
in both the sagebrush and Patagonian steppes produce
dry soil conditions in early autumn, requiring substan-
tial rainfall to wet the soil prior to establishment.

Our modeled soil water trends are very similar to the
field measurements of Cline et al. (1977), who moni-
tored soil water at the sagebrush steppe, and Melgoza et
al. (1990), who examined soil water at a site invaded by
B. tectorum in northwestern Nevada. Our results (Fig. 3;
centre panel) and both studies observed that (1) soil
water generally increases from October until February
and decreases during the remainder of the year, (2)
water loss at the onset of the warm season was much
more rapid in the surface soil layers than deep layers,
and (3) water potential in the top 20 cm of soil in
generally less than –15 MPa (more negative, meaning
less water content) during the warm season.

Our results suggest that climate strongly influences
soil water conditions. Regardless of type, soils with
short-grass steppe climate are never consistently wet at
any time of year, despite receiving twice the annual
precipitation of the sagebrush steppe and the Patagonian
steppe. By contrast, both the sagebrush steppe and the
Patagonian steppe sites have consistently high soil wa-
ter availability during autumn, winter and spring regard-
less of soil type. The sagebrush steppe and the Patagonian
steppe receive the bulk of their precipitation during the
coolest months, when evaporative demand is low and
the water accumulates in the soil, creating consistently
favourable growing conditions. Sala et al. (1997) con-
cluded that the overlap between seasonal temperature
and precipitation patterns has an important influence
over competitive interactions between grasses and shrubs.
Our results are consistent with this and suggest that the
seasonal timing of precipitation plays a central role in
influencing B. tectorum invasion.

Controls over establishment of Bromus tectorum

We found that the differences among sites were
relatively insensitive to changes in the establishment
parameters. Reasonable parameter modifications could
not overwhelm the positive impact of both the sagebrush

steppe and Patagonian steppe climates on B. tectorum
establishment probabilities. The influence of the number
of soil layers considered relevant for establishment indi-
cates that suitable conditions will occur more often if B.
tectorum does not require the deep soil to be wet. Previ-
ous modelling efforts have suggested that water avail-
ability in deep soil layers influences plant competition
in arid areas (Schwinning & Ehleringer 2001) and that
B. tectorum can send roots to depths well over 1 m
(Harris 1967; Hulbert 1955).

The second most influential parameter is the soil
water potential necessary for establishment, suggesting
that high water availability for a relatively short time
during establishment is more limiting than sustaining
favourable water availability for several days (i.e. lack
of importance of the minimum number of wet days prior
to establishment.) The third most important parameter
(most important of the timing parameters) is minimum
days between germination and establishment, implying
that the time required between germination and estab-
lishment is a crucial value to characterize, despite the
challenge of defining when a plant has become estab-
lished. Since many annual grasses can produce seeds
under extremely poor conditions, often while remaining
very small, the question of defining when B. tectorum is
‘established’ requires further characterization. The fourth
important parameter was the minimum establishment
temperature, which limited establishment during ex-
tremely cold periods.

Impact of Bromus tectorum on plant functional group
composition

In general, our estimates of functional group compo-
sition do not contradict existing knowledge about these
ecosystems. Previous studies have found that the short-
grass steppe is dominated by warm-season perennial
grasses (Lauenroth & Milchunas 1992; Sims & Risser
2000) whereas the sagebrush steppe and the Patagonian
steppe consist primarily of shrubs and cool-season per-
ennial grasses (Rickard & Vaughan 1988; Soriano et al.
1983; West 1983). Model estimates of substantial inva-
sion at the sagebrush steppe and essentially no invasion
at the short-grass steppe are consistent with the general
observation that B. tectorum has become a major part of
the vegetation in the U.S. Great Basin while remaining
unimportant in the U.S. Great Plains. Although Mack &
Pyke (1983) found that year-to-year variation in weather
and grazing exerted more influence over B. tectorum
abundance than differences between locations, the sites
in our study differ enough in climate to support our
conclusions regarding its importance.

The observation that adding a previously unimpor-
tant functional group (cool-season annuals) to the
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sagebrush steppe and Patagonian steppe plant commu-
nities increases overall biomass suggests that this group
is utilizing some otherwise unused resources (e.g. water
that would otherwise be evaporated), rather than only
taking resources from other groups. This supports Davis
et al.’s (2000) theory that invasibility is related to the
amount of unused resource, which has been observed in
multiple plant communities (Dukes 2002; Symstad 2000;
Turnbull et al. 2005). At the sagebrush and Patagonian
steppe sites, unused resources may stem from large
seasonal fluctuations in soil water between dry summers
and relatively wet winters (Fig. 3) as well as pulse
precipitation events during the growing season. These
conditions create variable temporal water availability
trends that make water acquisition and utilization less
efficient at the sagebrush and Patagonian steppe sites
and afford B. tectorum, as the only cool-season annual,
the opportunity to exploit unused water. Alternatively,
our predictions of increased biomass following invasion
may be partly a consequence of model structure. Our
model simulated only seven plant functional groups so it
is possible that water resources during certain periods in
some soil layers were not being fully utilized in the
absence of cool-season annuals.

Our plant community composition results are con-
sistent with previous theoretical concepts of arid eco-
system vegetation (Schwinning & Ehleringer 2001) and
plant invasions (Davis et al. 2000). Our predictions of B.
tectorum invasion in the sagebrush and Patagonian
steppes, where deep soils are reliably wet during the
winter, is compatible with Schwinning & Ehleringer
(2001), who simulated optimal plant traits in response to
pulse precipitation events and deep soil water availabil-
ity and found that winter annuals are most competitive
under conditions with deep soil water regardless of the
frequency of precipitation events.

Effect of disturbance and seed availability on invasion
of Bromus tectorum

Our results suggest that the frequency of disturbance
exerts substantial control over the magnitude or severity
of B. tectorum invasion but only moderate influence
over the rate of invasion. We found that more frequent
disturbances yield higher B. tectorum biomass, which is
consistent with previous studies that have shown a strong
relationship between the species’ invasion and distur-
bance (D’Antonio & Vitousek 1992; Knick & Rotenberry
1997). Wildfires, heavy grazing or plowing may cause
more severe invasion by removing established perennial
plants and creating available resources for B. tectorum
(Melgoza & Nowak 1991). The observation that undis-
turbed locations at the sagebrush steppe can remain
relatively uninvaded despite close proximity to nearby

seed sources supports the conclusion that disturbance
conditions influence the magnitude of invasion (Rickard
& Vaughan 1988).

We found that seed availability did not dictate the
eventual amount of B. tectorum, but did substantially
influence how fast the species invaded. Previous studies
have found that increased seed availability, most nota-
bly through cultivation with contaminated seed or heavy
road traffic from invaded areas, are believed to have
facilitated invasion in the Great Basin (Mack 1981).

A general framework for understanding invasion of
Bromus tectorum

Our results provide an overall conceptual frame-
work for understanding the spatial and temporal dynam-
ics of B. tectorum invasion in which (1) climatic condi-
tions specify regions that are susceptible to invasion, (2)
disturbance regime dictates how severe the invasion
will be, and (3) seed availability influences how fast the
invasion occurs. The importance of an interaction be-
tween climate and disturbance appears to be crucial in
understanding the dynamics of B. tectorum invasion.
We found that the Patagonian steppe is susceptible to
invasion, but that disturbance and seed availability will
dictate future magnitude and speed of invasion. Cli-
mate appears to exert primary control over soil water
dynamics and subsequently over plant community com-
position. Since we did not find soil conditions to be
important and the Patagonian steppe has a climate
similar to the sagebrush steppe, an area that has expe-
rienced heavy B. tectorum invasion over the past 100
years, it seems reasonable to conclude that the Pata-
gonian steppe is susceptible to substantial B. tectorum
invasion. The fact that the Patagonian steppe remains
uninvaded despite this climatic susceptibility is likely
a consequence of different disturbance regime than the
sagebrush steppe, or at least different seed availability.
Thus, the future of B. tectorum invasion in the
Patagonian steppe, and other areas with suitable cli-
matic conditions, depends on both natural and human
manipulations of seed sources and disturbance condi-
tions. Strategies to minimize future B. tectorum spread
or mitigate invaded areas may need to consider the
independent and combined importance of disturbance
regime, seed availability and climatic conditions.
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App. 1.  Input parameter information for simulation model runs with a soil water model and a plant gap dynamics model.

Table A1.1. Monthly parameter values for above-ground litter, above-ground biomass and percent of vegetation that is live for the
three study sites simulated by SOILWAT. The shortgrass steppe site is the Shortgrass Steppe Long Term Ecological Research site in
NE Colorado (values derived from Parton 1978). The sagebrush steppe site is the Arid Land Ecology Research in Central Washing-
ton (values derived from Rickard & Vaughan 1988). Patagonian steppe site is the Rio Mayo area in Argentine Patagonia. Values for
PAT (southern hemisphere are shifted by six months to seasonally correspond with the other sites and are derived from Soriano
(1983).

Shortgrass Sagebrush and Patagonia

Litter Biomass Litter Biomass
(g/m2) (g/m2) % live (g/m2) (g/m2) % live

January 75 150 0 100 150 0
February 80 150 0 100 170 0
March 85 150 0.1 100 135 0.1
April 90 170 0.2 110 140 0.2
May 50 190 0.4 120 150 0.4
June 50 220 0.6 140 150 0.45
July 50 250 0.4 160 140 0.25
August 55 220 0.6 150 140 0.12
September 60 190 0.4 150 140 0.12
October 65 180 0.2 140 140 0.1
November 70 170 0.1 140 130 0.1
December 75 160 0 120 130 0

Table A1.2. Input parameter values for soil conditions and evaporation/transpiration coefficients by layer for the 3 sites simulated
by SOILWAT.  The shortgrass steppe site is the Shortgrass Steppe Long Term Ecological Research site in NE Colorado, the
sagebrush steppe site is the Arid Land Ecology Research site in Central Washington and the Patagonian steppe site is to Rio Mayo
area in Argentine Patagonia.

Volumetric Volumetric
Soil Bulk water content water content Proportion Proportion Soil Soil

Max Depth Density at field capacity at wilting of of percent percent
(cm) (g/cm3) (cm/cm) point (cm/cm) evaporation transpiration sand clay

Shortgrass steppe 3 1.46 0.2012 0.0333 0.5 0.1 76.8 14.4
15 1.46 0.2012 0.0333 0.28 0.149 76.8 14.4
30 1.61 0.25141 0.08912 0.22 0.339 61.1 24.8
45 1.43 0.28874 0.07084 0 0.186 54.1 33.1
60 1.43 0.28874 0.07084 0 0.114 54.1 33.1
75 1.43 0.28874 0.07084 0 0.112 54.1 33.1
90 1.43 0.28874 0.07084 0 0 54.1 33.1
120 1.43 0.28874 0.07084 0 0 54.1 33.1
150 1.43 0.28874 0.07084 0 0 54.1 33.1
240 1 1.1 1 0 0 1 1

Sagebrush Steppe 3 1.33 0.24 0.09 0.5 0.1 41 8.5
15 1.33 0.24 0.09 0.35 0.25 41 8.5
30 1.33 0.24 0.09 0.15 0.3 41 8.5
45 1.33 0.24 0.09 0 0.2 41 8.5
60 1.33 0.24 0.09 0 0.1 41 8.5
75 1.33 0.24 0.09 0 0.05 41 8.5
90 1.33 0.24 0.09 0 0 39 7
120 1.33 0.24 0.09 0 0 39 7
150 1.33 0.24 0.09 0 0 39 7
240 1.33 0.24 0.09 0 0 39 7

Patagonian Steppe 3 1.55 0.16 0.05 0.5 0.1 89 7
15 1.55 0.16 0.05 0.35 0.25 89 7
30 1.55 0.16 0.05 0.15 0.3 89 7
45 1.55 0.16 0.05 0 0.2 89 7
60 1.55 0.16 0.05 0 0.1 89 7
75 1.55 0.16 0.05 0 0.05 89 7
90 1.55 0.16 0.05 0 0 89 7
120 1.55 0.16 0.05 0 0 89 7
150 1.55 0.16 0.05 0 0 89 7
240 1.55 0.16 0.05 0 0 89 7
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Table A1.3. Proportion of phenological activity in each month and proportion of roots in each soil layer for  plant functional groups
simulated at the shortgrass steppe, the sagebrush steppe and the patagonian steppe.  Functional groups are: PGC = cool season
perennial grasses, PGW = warm season perennial grasses, AGC = cool season annual grasses, AGW = warm season annual grasses,
SHRUB = shrubs, FORC = cool season forbs, FORW = warm season forbs.

Phenological Group
Activity

Month PGC PGW AGC AGW SHRUB FORC FORW

1 0.025 0 0.05 0 0.0125 0 0
2 0.075 0 0.1 0 0.0125 0.05 0
3 0.15 0 0.15 0.05 0.1 0.1 0
4 0.2 0.05 0.2 0.1 0.125 0.2 0.1
5 0.25 0.15 0.3 0.25 0.15 0.3 0.25
6 0.2 0.4 0.05 0.35 0.25 0.15 0.35
7 0.075 0.2 0 0.15 0.15 0.1 0.2
8 0 0.15 0 0.1 0.1 0.05 0.1
9 0 0.05 0 0 0.0625 0.025 0
10 0 0 0.05 0 0.0125 0.025 0
11 0.0125 0 0.05 0 0.0125 0 0
12 0.0125 0 0.05 0 0.0125 0 0

Root distribution Layer Group

PGC PGW AGC AGW SHRUB FORC FORW

1 0.2 0.2 0.35 0.3 0.05 0.05 0.15
2 0.35 0.5 0.275 0.4 0.2 0.2 0.3
3 0.25 0.2 0.15 0.2 0.25 0.4 0.35
4 0.15 0.1 0.125 0.1 0.25 0.3 0.2
5 0.05 0 0.1 0 0.15 0.05 0
6 0 0 0 0 0.1 0 0

Table A1.4. STEPWAT parameter values for each functional group included in the simulations of plant community dynamics at the
shortgrass steppe, the sagebrush steppe and the patagonian steppe.   Functional groups are: PGC = cool season perennial grasses,
PGW = warm season perennial grasses, AGC = cool season annual grasses, AGW = warm season annual grasses, SHRUB = shrubs,
FORC = cool season forbs, FORW = warm season forbs.

Parameter Site Group

PGC PGW AGC AGW SHRUB FORC FORW

Initial resource space Shortgrass 0.07 0.51 0.02 0.05 0.07 0.08 0.2
Sagebrush 0.4 0.025 0.1 0.05 0.35 0.05 0.025
Patagonia 0.3 0.025 0.1 0.05 0.4 0.1 0.025

Typical individuals per plot Shortgrass 0.333 1 1 2 0.02 0.1 0.1
Sagebrush 0.4 0.03 0.1 0.05 0.35 0.05 0.02
Patagonia 0.3 0.025 0.1 0.05 0.4 0.1 0.025

Maximum age (years) 75 75 1 1 100 35 35
Proportional intrinsic annual growth rate 0.474 0.474 0.947 0.947 0.4 0.426 0.426
Proportion of intrinsic growth rate to set as maximum 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Number of years before age related mortality 2 2 2 2 2 2 2
Probability of establishment* 0.125 0.125 0.1 0.1 1 1 0.015
Maximum individuals that may establish per year 2 2 NA NA 1 3 3
Biomass at establishment (gm–2) 0.5 0.605 0.02 0.02 2 0.035 0.035
Biomass at maturity (gm–2) 12 12 1 0.5 100 0.707 0.707
Vegetative reproduction y y n n n n n
Seedlings per vegetative reproduction 3 3 0 0 3 0 0
Photosynthetic pathway C3 C4 C3 C4 C3 C3 C4

* Probability of establishment was modified for the AGC group during some simulations.
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App. 2. Modifications to the soil water model.

Method for estimating rainfall interception by above-ground biomass and litter

Rainfall interception above-ground vegetation was calculated as a function of live biomass, litter, canopy height and LAI using
relationships identified by Corbett & Crouse (1968).  Corbet & Crouse quantified the amount of water held by grasses and shrubs for
a range of vegetation conditions and precipitation event sizes.  These observations allowed Corbet & Crouse to estimate the
parameters (slope and intercept) for linear equations relating canopy interception to precipitation event size.  Since Corbet & Crouse
reported the parameters for predicting interception for multiple levels of live biomass and litter, we were able to create linear
equations representing how both the slope and intercept change with vegetation cover (Fig. A2.1).  Rainfall interception is calculated
in the SOILWAT model as a function of vegetation cover (percent cover * canopy height) and litter biomass (g/m2) using these
equations.  Because vegetation and litter conditions change throughout the year, interception also varies seasonally (Fig. A2.2).

Fig. A2.1.  Regression lines for estimating the slope and
intercept of the line relating precipitation intercepted by above-
ground biomass (A) and above-ground litter (B) to vegetation
cover and litter biomass, respectively.

Fig. A2.2.  Proportion of a precipitation event that is inter-
cepted by both above-ground biomass and litter as a function
of event size for four times during the year.
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App. 3.  Independent measurements of plant functional group biomass.

App. 4. ANOVA Results.

Fig. A3.  Field measurements of live green biomass (g.m–2) for plant functional groups at the three sites simulated.  The shortgrass
steppe site is the Shortgrass Steppe Long Term Ecological Research site in NE Colorado and data presented here is derived from
Liang et al. (1989).  The sagebrush steppe site is the Arid Land Ecology Research site in Central Washington and data is taken from
Rickard & Vaughan (1988).   The Patagonian steppe site is to Río Mayo area in Argentine Patagonia and data was provided by E.
Jobbagy (pers. comm.)

Table A4.1. Analysis of variance results for the probability of
conditions suitable for cheatgrass establishment in the spring,
fall, and both seasons.

Dependent
variable Source df Sum of Mean

squares square

Spring Climate 2 799699 399849
Soil 2 6613 3306
Interaction 4 7645 1911

Fall Climate 2 163742 81871
Soil 2 13841 6920
Interaction 4 33525 8381

Total Climate 2 1408517 704258
Soil 2 7133 3566
Interaction 4 20189 5047

Table A4.2. Analysis of variance results for simulated
cheatgrass biomass and years required to reach a 40 gm-2
biomass threshold as a function of disturbance, seed availabil-
ity, and the interaction.

Dependent
variable Source df Sum of Mean

squares square

Biomass disturbance 4 19089 4772
seed availability 4 204 51
interaction 16 95 6

Threshold disturbance 4 4030 1007
seed availability 4 23219 5805
interaction 16 6631 414
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